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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

CARBON IEPOSITION OF 19 FUELS IN AN
ANNULAR TURBOJET COMBUSTOR

By Jerrold D. Wear and Edmund R. Jonash

STMMARY

The effects of fuel properties and change in simulated engine
operating conditions on carbon deposition were evaluated in an

annular turbojet cambustor with a dlameter of 105 inches. The fuel

propexrties examined were specific gravity, volumetric average boil-
ing temperature, hydrocarbon type, and hydrogen-carbon weight ratlo.
The simulated engine operating conditions ranged from sea level and
50-percent rated englne gpeed to an altitude of 40,000 feet and
rated engine speed. The fuels Included hydrocarbons of the paraf-
finic, olefinic, and aromatic types as well as fuel mixtures.

In general, carbon deposition in the annular combustor increased
with increase in boiling temperature of fuels of the same hydrocarbon
type. Aromatic fuels deposited moxre carbon than other types of fuel
of the same boiling temperature. An empirical correlation of the
carbon deposition, the bolling temperature, and the hydrogen-carbon
wolght ratio of the fuel was obtalned.

INTRODUCTION

Carbon deposition in the cambustlion chamber of a Jet-propulsion
englne can affect the operational performance, particularly the
blow-out characteristics, of the engine. The carbon formations may
interfere with the atomization of the fuel fram the nozzle and may
altexr the air-flow pattern Through the cambustor.

Previous investigations to determine the effects of fuel prop-
erties on carbon deposition have been conducted in several types of
burner. Resulis reported in reference 1 indicate that the gquantity
of carbon deposited in & full-scale Jet-propulsion engine apparently
is & function of the aramatlic contént of a fuel; however, ho definite
correlation between carbon deposition and fuel properties was found.

PESINFOTLD



2 NACA RM No. E8K22

Because the fuels avallable for the investigation of reference 1
were complex hydrocarbon mixtures, the effect of change in one fuel
propexrty at a time could not be detexrmined.

A laboratory burner capable of controlling the fuel-alr ratio
and prevaporlzing the fuel showed an increase in photoelectrically
indicated smoke production with increasing arocmaticility of the fuel
(reference 2). The clean burmer-operatlon limits of a type of
rotary fuel-oll burner for home use were found to correlate with
the A.P.I. gravity and the boiling point of fuel oils (reference 3).
In England In 1930, the maximum helght of smoke-free flames in a
lamp was used to demonstrate that the tendency of fuels to smoke
varled with aromatic content, naphthene content, and anliline point
(reference 4).

An investigation made at the NACA Lewls laboratory to detexrmine
the effects of fuel properties and, to a limited extent, the change
1n simulated engine opereting conditlions on carbon deposition in a

log-inch-d.iameter annular combustor is reported herein., A total of

19 fuels were investligated, including two paraffinic fuels, two ole-
finlc fuels, eight aromatic fuels, and seven fuel mixtures. The
effects of varylng engine operating condlitlions were examined for
only three of the fuels., The fuel properties examined were speclific
gravity, volumetric average bolling temperature, hydrocarbon type,
and hydrogen-carbon welght retio. Volumetric average bollling tem-
perature was used instead of SO~percent evaporated temperature
because of the wlde bolling range of same of the fuels.

AFPPARATTZS AND FUELS

A description of the log—inch-diameter annular cambustor, which

was taken fram a commercial turbojet engine, and auxilliary egqulpment,
instrumentation, and location of the instrumentation is described in
detall in reference 5.

The fuels used 1ln this investigation included representative
hydrocarbons of paraffinic, olefinlc, and aromatlc types as well as
fuel mixtures. A fuel was consldered to be a mixture 1f it contained
less than 95 percent of a partlcular class of hydrocarbon compound.
The phyesical propertles and chemical composition of the fuels are
listed in table I. Chemical compositions of the fuels were determined
by procedures given in references 6 to 9. The net heata of combus~
tlon of two of the aromatic fuels were obtalned from reference 10.
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at one simulated engine operating condition and with three of the
fuels at five additional simulated englne operating conditions. The
values of the cambustor-inlet and combustor-outlet conditions used
for the different simulated engine operating conditlons were
obtalned from the manufacturer's estimates of the performance of the
turbojet engine from which the combustor was taken.

The simulated engine operating conditions are listed in the
following table:

Simu- Simu~ |Simu- |Inlet- Inlet- {Fuel |Over- |Run~-|Turbine-
lated lated |lated |alr alr flow |all ning| inlet
engine| alti- |engine|total total (1b/ [ fuel- | time| total
oper~ | tude |speed |pres- temper-|hr) |air (hr)| tempexr-
ating | (£%) (per- |sure ature ratlo ature
condi- cent | (in. (°F) (°F)
tion rated)|Hg abs.)
1l 40 % 103| 100 12.0 132 155.5|0.0282 l%' 1315
2 20 .50 18.9 43 116.5] .0224 l%‘ 1045
3 |30 100 30.8 155 |172.0| .0202 1% 1320
4 0 50 40.0 100 |157.5| .017s 1%- 1280
5 e 50 40,0 100 157.5f .0l75] 2 1280
6 20 100 44.0 196 223.0| .0181 1&' 1360

Fuel flow for any one eimulated englne operating condition was
determined by adjusting the inlet-alr conditions to the desired
values and varylng the flow of AN-F-32 fuel until the required tur-
bine temperature was obtained. This value of fuel flow was used
with the other fuels at the desired simulated engine operating
condition,

. The welght of carbon was obtalned by the difference in welght
of the combustor basket before amd after each run. The combustor
bagket was clean at the beginning of each run. A dlagrammatic cross
section of a typical heavy carbon formation at the fuel nozzle in
the annuler combustion zone is shown in figuxre 1.
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The cambustion efficlency of the fuels at the different engins
operating conditions were calculated as described in reference 5.

RESULTS AND DISCUSSION

Limited exploratory investigations were conducted with three
fuels in the annular combustor with a dlemeter of 103 inches to

determine to some extent the effect of running time and simulated
englne operating conditlions on carbon deposition. The fuels
included two arcmatios, benzene and aromatic solvent, with approxi-
mately 150° F difference in bolling temperature and one fuel mix-
ture, AN-F-32.

The effect of running time, other conditlons constant, on the
carbon deposition of the three fuels is presented 1n filgure 2.

From a running time of 1} %o 2 hours the amount of carbon deposited

by aromatic solvent and benzens increased by only about 4 and

17 percent, respectively, whereas the amount deposited by AN-F-32
fuel increased approximately 78 percent. The large reduction in
the rate of carbon formation by aromatlic solvent and benzene indil-
cates that the rate of carbon removal by burning and eroding is
approaching the rate of carbon depositlon after about 2 hours for
these two fuelas. The quantity of carbon obtalined with AN-F-32 1in
2 houras was probably too small to be affected substantially by
burning and eroding. As shown in figure 2, basing the carbon dep-
oaltion on a per unlit-welght-of-fuel basis would not be Justified
for aramatic solvent or benzene.

Investigations of the three fuels were made at several simulated
engline operating conditions to determine If change Iin engine oper-
ating conditlon would change the order of carbon deposltion among
the fuels. The data shown in figure 3 indicete that for the three
fuels investigated the order of carbon deposition among the fuels
remalined the same., A change in engine operating condition that
increaged oxr decreased the carbon depositlon of one fuel also
increased or decreased the carbon deposition of the other two fuels,
The apparent excepilion in the case of AN-F-32 from conditionas 3 to 4
1s probebly within experimental error. The combugtion efficiencies of
the fuels at the different engine operating conditions are included
in figure 3. The lowest combustion efficlency of each fuel was
cbgerved at conditlion 2. Conditlons 3, 4, 5, and 6 represented very
gtable high efficiency operation, resulting in cambuation effi-
olencles substantially greater than eilther comdition 1L or 2,

yaot
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Engine operating conditions 1, 3, and 6 (fig. 3) show the. effect
of change in altitude at constent englne speed on carbon deposltion
for the three fuels. The inlet-air total pressure, inlet-air total
temperature, and fuel-air ratioc varied with altitude. Carbon dep-
osltion of all three fuels decreased with lncrease in altitude; +this
decrease occurred with a decrease 1in fuel Tlow and an increase in

fuel-air ratio.

The effect of change in engine speed from SO0 to 100 percent of
rated engine speed on carbon deposltion at & constant altitude of
20,000 feet for three fuels is shown by englne conditions 2 and 6
(fig. 3). Carbon deposition increased with increase in engine speed.
This increase occurred with an increase in fuel flow and, in this
case, & decrease in fuel-air ratio.

The data presented In flgure 3 indicate that one engine operating
condition would be sufficient for relative carbon-deposition invesa-
tigations of the various fuelsgs. Although the relative amounts of
carbon varied among fuels at different conditions, the trends
remained the same., Engine condition S5 was used to obtaln the carbon-
deposition data of the various fuels.

The values of carbon deposition and cambustion efficlency of
the various fuels obtalned in the log-imh-d.ia.meter emmular cambustor

at engline operating condition 5 are presented in table II. Investi-
gations of several fuels were repeated to determine the reproduc-
1bility of the data. The average carbon deposition of the two or
more runs for each of the several fuels is also listed 1in table II.

The effect of fuel blending on carbon deposition 1s presented
in figure 4. The combinations of fuels investligated were paraffin-
mlixed fusels, paraffin-aramatic, aromatlc-mixed fuels, and aromatic-
aramatic. The blends of paraffin-mixed fuels, paraffin-aromatic,
and arometic-mixed fuels gave values of carbon deposition that were
between the amounts obtalned with the %wo fuels used to make the
blends. The two aromatlic-aromatic blends, however, gave as much or
more carbon than the fuels that were used to make the blends.

The average carbon deposition of the various fuels is plotted
against volumetric average bolling temperature in flgure 5. The
volumetric average bolllng temperature is defined as the arithmet-
lcal average of the 10-, 30-, 50-, 70-, and 90-percent-evaporated
temperatures of the A.S.T.M. distlillation methods D 86=45 and
D 850-47. This average was used instead of the 50-percent evap-
orated temperature because of the wide bolling range of some of the
fuels. The arcmetic contents of the fuels are given in figure 5
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beside the date points, and curves are faired through approximately
equal values of arcmatic content. The carbon deposition of the
arcmatic fuels (98-percent aromatics or greater) shows an increase
with increase in volumetric average bolling tempereture. Consider-
able scatter exists, however, from a faired curve. When approxi-
mately constent values of boiling temperature, 170° to 182° F and
360° to 380° F are used, carbon depoaitlion increases with increase
in arcmatic content. The arcmatic fuels gave more carbon than the
other types of fuel of the same bollling tempereture.

The datea of figure 5 are replotted in figure 6 on the same
coordlnates with the specific gravitles of the fuels listed beslde
the data points instead of the aromatlc content. Curves are falred
through approximately equal values of aspecific gravity. In gen-
eral, carbon deposition ilncreased with inoreasse in specific gravity
at approximately constant bolling temperature ln the range from
170° to 182° F and 360° to 380° F. A considerable number of data
points, however, are not consistent with the faired curves. Carbon
deposition increased with an Increase in bolling temperature of the
paraffinic fuela deslgnated by speciflc gravitles of 0.725 and
0.775 and mixed fuels designated by specific grevities such as
0.728 and 0.814.

The data of figures 5 and 6 are replotted in figure 7 on the
game coordimates, wlth the hydrogen-carbon welght ratic of the fuels
lipted beside the data polnts. Curves are falred through approxi-
mately equal values of hydrogen-carbon welght ratio. There appears
4o be a genexral trend of carbon deposltion with volumetric average
bolling temperature and hydrogen-carbon welght ratio for the 98- to
99-percent aromatic fuels that was not apparent in figure 5. Again,
inspection of the polints at approximately comstant values of volu-
metric average bolling temperature in the range from 170° to 182° F
and from 360° to 380° F, carbon deposition increases with decrease
in hydrogen-carbon weight ratic. The data in figure 7 thus indlicate
that carbon depositlion may be a function of hydrogen-carbon welght
ratio and volumetric average bolling temperature of the fuels.

An empirical method of correlating the carbon-deposition dete
of the 19 fuels obtalined at englne operating condition S le shown in
figure 8. The figure 1is divided Into two quadrants; the left quad-
rant contains lines of constant hydrogen-carbon weight ratio and
volumetric average bolling temperature; the right quadrant contains
the welght of carbon deposited. The ordinate of the chert ls
obtalined by moving up the volumeiric average boiling temperature to
the proper hydrogen-carbon welght-ratio curve. The welght of carbom
obtained is then plotted agalnst this value of the ordimate., The

¥S0T
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carbon-deposition data of the 19 fuels plotted in figure 8 can be
approximated by one straight line. The two olefinic fuels, one
aramatic fuel, and one fuel mixture deviate considerably from the
faired curve and were not used for fairing the line. Although the
aemount of carbon obtained with the two olefinic fuels was small,
there was. soot-like carbon deposited on the walls of the bail-pipe
gection and the exhaust geses were smoky. No such deposit was
obtained with the other hydrocarbon-type fuelsa.

The equation that represents the falired line in figure 8 end
was derlved by trial and error until correlation was obtained is

log Wo = a + bK

wvhere W, is the weight of the carbon deposited and a and b
are constants depending on the engine and the inlet-alr and fuel
condlitions, and running time. The value of K, which ls the
ordinate of the chart, is determined by the hydrogen-carbon weight
ratio and volumetrlic average bolling temperature of the fuel. The
value of K depends on the fuel and is unaffected by engine oper-
ating conditlons. The following equation determines K:

H/C - 0.207
K = (t + 600) (0.7) Zh——pites

vhere t is the volumetric average boiling temperature and H/C
is the hydrogen-carbon weight retlo.

If the carbon deposition of two fuels at any one englne oper-
ating condition are determined, the constante a and b can be
determined and the carbon deposition of other fuels can be estimated
et the same engine operating condition.

Carbon-~deposition data of the three fuels, aromatic solvent,

benzene, and AN-F=-32, investigated at the six engine operating con-
- ditlons (fig. 3) are plotted in figure 9. This figure has the same
relation of volumetric average bolling temperature to hydrogen=-
carbon welght ratio as figure 8. The value of K for any one fuel
is the same for all engine operating conditions. If the assumptions
used for the preceding equation are valid, the data should approxil-
mate a stralght line, although the constants a and b will
probably be different at each engine operating conditlon.

The data at engine operating condlitions 1, 2, and 6 devlete
somewhat from a faired stralght lins, although the same general
trend is obtained at all engine operating conditions.
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SIMMARY OF RESULTS

Fram carbon~deposition investigatlons of 19 fuels in a turbojet
enmnular combustor with a dlameter of 103 inches, the followlng
results were obtained:

l. Carbon deposition decreased with increase in simulated alti-
tude at constant simulated engine speed, and inoressed with increase
in simulated englne speed from 50 to 100 percent of rated engine
gspeed at a constant altitude of 20,000 feet.

2. In general, carbon deposition increagsed with increase in
boilling temperature of the arcmatic, paraffinic, and mixed fuels.

5. Carbon deposltion increased with increase in arcmatic con-
tent of fuels with approximately the same bolling temperature.
Aramatlc-type hydrocarbon fuels deposited more carbon than other
types of fuel of the same boiling temperature.

4. An empirical correlation of the carbon deposition and the
bolling temperature and hydrogen-carbon ratio of the fuel was
obtalned.

Lewls Flight Propulsion Iaboratory,
Natilonal Advisory Commlttee for Aeronmautics,
Cleveland, Ohlo.
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TABLE 1 - PHYSICAL PROPERTIES AND CHEMICAL COMPOSITION
Distillation A.S.T.M.
Methods D 8?545 and D 850-47
F)
NACA Fuel Specific
fuel gravitg Percentage Volumetric
num= 60°/60° F evaporated average
ber beiling
10[ 30[ EOI 70| 80 temperchmq
Paraffinioc hydro
46-111 |Commerclal ischeptanes 0,726 176|180 |180 (184|192 182
46~-254 |Paraffinic solvent «776 336| 340|344 | 350|368 348
Olefinic hydro
46=152 |Diliscbutylene O.724 209|2101210]211|213 211
47-50 |n~-Hexadecene-1 «785 522|522 |522 | 524 | 526 523
Arometlc hydro
46-219 |Benzene 0.882 172]172 |178 |172 |173 172
47-152 |560=percent benzene and
50=-percent aromatic solventh «877 195|212 |257 |325 |333 264
46=338 |[Ethylbenzene «871 268|270 |270 |270 |72 270
46-71 |Xylenes «866 276|278 |278 |278 |281 278
46«133 |Aromatio solvent 874 322|324 |324 {326 |328 325
47-353 |30-percent - and f-monomethyle
naphthalene and 70=percent
aromatic solventh «914 330|340 [350 |374 |460 369
47=173 |Trilsopropylbenzene «861 440] 442 |444 |445 |448 444
46-216 |&~ and @-monomethylnaphthalene 1,016 458|458 |460 {460 |460 459
Mixed hydro
47=160 |60=percent commerclal isocheptanes
and 50-percent bensene 0,792 l68]16¢ (170|172 |177 171
44-821 |AN-F=-28R «728 144181 {217 |243 |290 2156
47=153 |6O~percent commercial ischeptanes
and 50-percent AN-F-3gh + 766 191211 {857 [371 (427 291
47=151 |50-percent AN~-F-32 and 50=percent
aromatic aolven +«840 330|340 |351 |368 |412 360
47-186 |AN-F-32 830 345|361 |[371 |387 |415 376
47=114 [Michigan crude . «814 490|502 |512 |526 |554 517
47=115 {Diesel olil «836 462|490 |516 |546 |604 524

®Reference 6.
bPRreference 7.
CReference 8.
dReference 9.
emetimated,
foalculated.
8reference 10.
Bpercent by welght.
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OF FUELS USED IN CARBON-DEPOSITION INKVESTIGATION

Hydrocarbon ansalysis

Aromatics Naphthene Olefins Dilcyclic Hydrogen=-jNet heat of
(percent by ring (percent by| aromatics carbon combustion
volume )& (percent by wolght)C [(percent by| weight (Btu/1b)
weight in volume}d | ratio
saturatesa)b
carbon fuels
e 28 — 0,177 18, 900
2 27 +179 18, 800
carbon fuels
cmcecmcccce| c—cm————— 98 R —— T e 18, 820
—— a8 J S — «166 18, 865
carbon fuels
egg S - fo.084 817,260
egs - ——— = f.o9¢0 £17,430
egs SOOI VRPN UPIPIOIRSIPIIGNS I -} £.1085 817,600
egs cemememceee] cam————— SSGHNS PO IUIPI IO .109 17,600
o8 mmmcccmmme| cemcnena—en |—————————— .115 17,600
fgg I PR Lor f.104 f317,360
P44 - S, 132 18, 000
29 - - a9 «079 16, 800
carbon fuels
a4 28 - fo.1290 f1g,080
16 < —— 174 18,600
Ts Ly —-— «169 18, 700
f54 f48 _— - .139 f18,075
13 48 - - «162 18,550
16 P —————————— 2.5 .165 18, 600
23 27 - - o o 3.0 «159 18,550

“!ﬂ‘iﬂ"’
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TABLE II - CARBON DEPOSITION AND COMBUSTION EFPICIENCY OF VARIOUS
FUELS OBTAINED IN lO%—INCH-DIAMETER ARNULAR COMBUSTOR

@hgine operating conditlon 5! inlet~air total pressure, 40 in. Hg

absolute; inlet-air totel temperature, 100° F; fuel flow,
ib/hr; over-all fuel-air ratioc, 0.0175; running time, 2 hr

%f?.s

EgK22

Fuel Carbon Average Turbine- | Combustion
ldeposition| earbon inlet efficiency
grems} |deposition total (percent}
(grams) |temperature
(°F)
Paraffinioc hydrocarbon fuels
Commercial i1scheptanes 1.0 - 1300 o7
Paraffinlc solvent 2.0 1.8 1300 a7
1.8 ————————— ————————— —————————
Olefinic hydrocarbon fuels
Ditsocbutyléne 4el |em=m=- e 1250 93
n-Hexadecene=-1 2.3 e ————— 1265 23
Arcmetie hydrocarbon fuels
Benzene 27.8 355 1210 25
42,6 LR ——————— e —————
28,8 e ————— e ——————— e ———
34.6 ———m e ——— ——a————— m—————————
50=-percent benzene and
50~percent aromatic solvent® 56,1 T papu 1210 96
Ethylbenzene 44.8 ———e————— 1216 25
Xylenes 52.5 e 1180 o2
Aromatic solvent 51.5 51.5 1225 94
51.4 [ pp———— e em———— [
30=percent g- and B-= monomethyl-
naphthalene, and 70-percent
aromatic solvent® 140.5 ————————— 1120 87
Triisopropylbenzene 883 ro—e—nea- 1230 94
a- and g-monomethylndaphthalene 138.8 133.9 1090 92
129.0 cmmmecene | ccmmmmenn | cceeemaa-
Mixed hydrocarbon fuels
S50-percent commerclal ischeptanes
and S50-percent benzene® 13.7 - o e 1295 28
AN-F=-28R le4d e ma————— 1280 85
S50=-percent commerclial 1scheptsanes
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pressure, 40 inches mercury absolute; Iinlet-alr total temperature,
157.% pounds per hour; over-all fuel-air ratlo,

100° F; fuel flow,
0.,0175.
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Flgure 3., - Carbon deposition of three fuels as determined by
sigulatad engine conditions, Annular-combustor dlameter,

105 inches,
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Plgure 4., - Carbon deposétion ag determined by fuel blends. Annular—
combustor dlameter, lOg—inches; inlet-air total pressure, 40 inches

merocury &bsoclute; inlet-air total temperature, 1002 F; fuel flow,

1575 pounds per hour; over-all fueleair ratio, 0,0175; running
time, hours,
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